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The NASA/NBS Standard Reference Model (NASREM) Telerobot Control System Arch i tec tu re
definqs a l o g i c a l computing arch i tec ture fo r robo t i cs . The arch i tec ture provides a framework
for i n teg ra t i ng a v a r i e t y o f control techniques, and f o r combining te leopera t ion and autonomy
i n one system. Th is paper demonstrates these aspects o f NASREM f o r t h e lowest l e v e l o f the
a rch i t ec tu re , t h e Servo Level . The Servo Leve l supports algori thms f o r robot manipulator
cont ro l found i n t h e l i t e r a t u r e . -

The NASA/NBS Standard Reference Model (NASREM) Telerobot Contro l System Arch i tec tu re , as
presented i n Albus, e t . a l . ' , de f ines t h e basic a rch i t ec tu re f o r a robo t con t ro l sys tem
capable o f te leopera t ion and autonomy i n one system. Recently, e f f o r t s have been d i r e c t e d a t
spec i f y i ng i n d e t a i l t h e a rch i t ec tu re requirements f o r r o b o t i c manipulation. An important
c r i t e r i o n f o r the design i s t h a t it support t he algor i thms for manipulator cont ro l found i n
the l i t e r a t u r e . T h i s assures t h a t t he c o n t r o l system can serve as a veh i c l e fo r eva lua t ing
algor i thms and comparing approaches.

Sec t ion 2 o f t h i s paper b r i e f l y presents the concepts of t h e NASREM Arch i tec tu re fo r
robo t i c manipulation. T h i s i s fo l lowed by a d e t a i l e d discussion o f the components o f the
a rch i t ec tu re a t the Servo Level i n Sect ion 3 . The Servo Level i n te r f aces support many
algor i thms found i n t h e l i t e r a t u r e . Sect ion 4 gives examples o f Servo Leve l a lgor i thms f o r
autonomous manipulator cont ro l . Section 5 discusses te leopera to r con t ro l a lgor i thms.

The fundamental s t r uc tu re o f t h e arch i tec tu re i s depic ted i n Figure 1. The system
cons is ts p r i m a r i l y o f a three - legged hierarchy o f computing modules. These computat ional
elements are supported by a common memory f o r shared data and an operator i n t e r f a c e f o r
i n t e r a c t i n g with a superv isory human operator . The computational modules car ry out sensory
processing, wor ld modeling and t a s k decomposit ion a c t i v i t i e s f o r t h e con t ro l o f a robot .

The sensory process ing (G) modules obtain sensory informat ion f rom sensors. The modules
f i l t e r and in teg ra te t h e informat ion f o r use i n the wor ld model. The wor ld modeling (M)
modules update i n t e r n a l informat ioc on t h e s t a t e o f t h e robot and i t s environment, provid ing
t h e t a s k decomposit ion h ie ra rchy with t h e current " best est imate " o f model r e l a t e d q u a n t i t i e s .
The t a s k decomposition h ie ra rchy i s the p a r t o f the system most d i r e c t l y invo lved i n c o n t r o l .
The H modules decompose t h e high - level goals i n t o low - leve l ac t ions . Within these modules,
t h e r e are submodules concerned with planning and executing.

The Task Leve l i s t h e highest NASREM control l e v e l concerned so le l y with a s ing le
autonomous robot. The Task Level receives commands f r o m the Serv ice Bay Leve l . Each command
i s decomposed i n t o a sequence o f " elemental manipulations " understandable t o E-move. To
achieve t h i s decomposit ion, the Task Level planning module may use a r t i f i c i a l i n t e l l i g e n c e
techniques t o p lan autonomously, or use p respec i f i ed plans entered by an operator .

The E-move Leve l receives commands from Task t h a t represent " elemental manipulations, "
such as MOVE <object> TO <destination>. E-move plans a l l aspects o f t h e manipulation. T h i s
includes finding a c o l l i s i o n - f r e e path and determining any fine-motion s t r a t e g i e s . As a t the
Task Level, p a r t o f E-move's decomposition could be obtained f r o m prespec i f ied plans. E-move
outputs pa th segments executable by the P r i m i t i v e Leve l .

The P r i m i t i v e Leve l i s responsible f o r generat ing t h e t i m e sequence of des i red
manipulator s t a t e v e c t o r s needed t o produce a dynamic t r a j e c t o r y from the E-move command.
P r i m i t i v e determines t h e behavior o f the manipulator on a t i m e scale between t h a t o f E-move
and Servo. It transforms path segments i n t o dynamic sequences o f path po in ts d i r e c t l y
executable by Servo.
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Figure 1: NASMNBS Cont ro l System A r c h i t e c t u r e .

The Servo Level, t h e lowes t l e v e l o f the t a s k decomposition hierarchy, computes t h e motor
cont ro l s ignals fo r the actuators. The job o f t h e Servo Leve l i s t o handle mot ion s m a l l i n a
dynamic sense. The l e v e l executes a spec i f ied algorithm f o r approaching t h e d e s i r e d
manipulator s t a t e vec to rs (or a t t r a c t o r s e t . ) The a t t r a c t o r se t i s t y p i c a l l y a po in t i n a
complex t r a j e c t o r y computed by P r i m i t i v e . P r i m i t i v e updates t h e a t t r a c t o r se t , and p o s s i b l y
the algor i thm, p e r i o d i c a l l y .

Although between l e v e l s i n the hierarchy t h e r e are wel l - def ined i n t e r f a c e s , these
in te r faces a r e genera l enough t o support a number o f d i f f e r e n t algori thms a t a l e v e l . T h i s i s
discussed i n Sect ions 4 and 5 f o r the Servo Level.

VO LEVEL CO-

The task decomposition (cont ro l ) module a t t h e Servo Leve l rece ives input f rom P r i m i t i v e
i n the form of the command spec i f i ca t i on parameters shown i n Figure 2. The command parameters
include a coordinate system spec i f i ca t i on C z which ind i ca tes t h e coordinate system i n which
the current command i s t o be executed. C z can spec i f y jo in t , end - effector, or Car tes ian
(world) coordinates. Given with respect to t h i s coordinate system are desi red pos i t ion ,
ve loc i ty , and accelerat ion vectors ( Z d , 2d Zd ) f o r t he manipulator, and the d e s i r e d f o r c e and
r a t e o f change of fo rce vectors (Fd,Fd ) . These command vectors form the a t t r a c t o r s e t f o r t h e
manipulator. The parameter R o f the command spec i f i ca t i on ind i ca tes t h e met,hod o f manipulator
jo in t redundancy reso lu t ion . The K ' s a r e the gain c o e f f i c i e n t mat r i ces f o r e r ro r terms i n the
control equations. The se lec t ion matr ices (S, S ' ) apply t o c e r t a i n hybrid pos i t i on / f o r ce
cont ro l algorithms. F ina l ly , t h e "Algorithm " s p e c i f i e r se l ec t s the cont ro l a l go r i t hm t o b e
executed by t h e Servo Level. The function o f the command parameters i s c l a r i f i e d by examples
i n Sect ions 4 and 5.
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When the Servo Level planner receives a new command specif ication, the planner t ransmi ts
cer ta in information t o world modeling. This information includes an a t ten t i ona l function
which t e l l s world modeling where t o concentrate i t s e f f o r t s , i .d. what i n f o m a t i o n t o compute
for the executor. The executor simply executes the algor i thm indicated i n the command
specification, using data supplied by wor l d modeling as needed.

- The wor ld modeling module a t the Servo Level computes model-based quan t i t i es f o r t h e
executor, such as Jacobians, i n e r t i a matrices, g rav i t y compensations, Cor io l i s and c e n t i f u g a l
force compensations, and poten t ia l f i e l d (obstacle) compensations. I n addition, wor ld
modeling provides i t s bes t guess o f t he s t a t e o f t h e manipulator i n terms o f pos i t ions ,
v e l o c i t i e s , end - effector forces, and jo int torques. To do t h i s , the module may have t o
resolve c o n f l i c t s between sensor data, such as between jo in t pos i t i on and Cartes ian p o s i t i o n
sensors .

Sensory processing, as shown i n t h e f igure , reads sensors re levant t o Servo and prov ides
the f i l t e r e d sensor readings t o world modeling. I n addition, c e r t a i n informat ion i s
t ransmit ted up t o t h e P r i m i t i v e Level o f t h e sensory processing hierarchy. P r i m i t i v e uses
t h i s information, as w e l l as information from Servo Leve l world modeling, t o moni tor
execution o f i t s t ra jec to ry . Based on t h i s data, P r i m i t i v e adjusts t h e s t i f f n e s s ( g a i n s ) o f
t he control, o r switches cont ro l algori thms al together. For example, when P r i m i t i v e d e t e c t s
a contact with a surface, it may switch Servo t o a cont ro l a lgor i thm t h a t accommodates
contact fo rces .

The Servo Level supports many algori thms fo r autonomous manipulator con t ro l . Some
examples o f algori thms f o r manipulator con t ro l from the l i t e r a t u r e supported by t h e NASREM
Servo Level a re given below.

To support computed torque cont ro l 2, a coordinate system s p e c i f i c a t i o n o f C z = ( j o i n t )
can be chosen. Thus, t h e p o s i t i o n vectors Zd and Z represent des i red jo in t pos i t i ons and
sensed jo i n t posit ions, respec t ive ly . With t h e appropr ia te dynamic parameters obtained f rom
world modeling, t he cont ro l a lgor i thm i n t h e Servo executor i s

For hybrid p o s i t i o n / f o r c e cont ro l 5, C, = ( Car tes ian ) i s chosen, along with a con t ro l

For t h i s con t ro l scheme t h e S and S ’ se lec t i on mat r i ces a r e used t o choose between f o r c e o r
p o s i t i o n con t ro l on each a x i s . The function LMTO i s a th resho ld funct ion f o r l im i t i ng t h e
i n t e g r a l feedback t e r m .

Other types o f cont ro l ava i l ab l e with t h e Servo Level include s t i f f n e s s contro l ’ , given

C, = ( Cartesian )

I<PJ- l(e) ( Z d - Z - %fFz) - K.,J-’(e)Z * T a c t ,

and ope ra t i ona l space control 4 , given by

I n the operat ional space cont ro l algorithm t h e S and S‘ m a t r i c e s p lay the r o l e o f K h a t i b ’ s
task s p e c i f i c a t i o n matr ices‘ , instead o f binary se lec t i on mat r i ces$ .

OR CONTROL

Teleoperat ion of a manipulator can be achieved by using t h e task decomposition i n t e r f a c e
of t h e autonomous system as the in te r face t o t h e operator cont ro l system. As shown i n Figure
2, t he operator i n t e r f a c e sends commands t o Servo using t h e same command spec i f i ca t i on used by
P r i m i t i v e . The operator inter face must receive feedback informat ion from the Servo Level i n
order t o provide fo r ce r e f l e c t i o n t o the operator and t o determine when t h e Servo manipu la tor
comes i n contact wi th the environment. Thus, fo rce Fd , and p o s i t i o n and v e l o c i t y (2,h) a r e
obtained from the world modeling/control i n te r face o f t h e Servo Level. T h i s feedback
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information i s s u f f i c i e n t f o r most algori thms.

The operator can con t ro l t h e Servo manipulator with any o f several devices. These
include joys t i ck type devices, such as DFVLR’ S sensor ball 3. The operator may a l so use a
“master ann” t o control t h e manipulator, i n which case the Servo arm could be re fe r red t o as
a *s lave arm w6-’. when a joys t ick input device i s used, t h e operator i s unable t o rece ive
force feedback through the device. However, t he operator should be ab le t o cont ro l the amount
of force exer ted by the manipulator. T h i s can be done by allowing t h e joys t ick input t o be
in te rp re ted as force commands when the robot i s contacting t h e environment, and as motion
commands otherwise’. Thus, the operator i s con t ro l l i ng the robot with a combined
posi t ion/ force scheme 5. Th is control scheme i s most u s e f u l when the commanded motions and
forces are s p e c i f i e d i n a frame r e l a t e d t o the task.

For j o y s t i c k con t ro l using the combined pos i t ion / fo rce scheme i n a constraint f r a m e f i xed
t o t h e end - effector, a coordinate system se lec t ion o f C z = ( end-effector, Te ) would be made.
~n t h i s case, t h e Te would give the transformat ion t o a frame a t the t i p o f t he workpiece, as
shown i n Figure 3. The cont ro l a lgor i thm fo r the Servo executor would look something l i k e

For “master - slave” teleoperat iom, severa l forms o f con t ro l a r e poss ib le . The s i m p l e s t
p o s s i b i l i t y i s t o have the slave arm t r a c k the master a r m pos i t i ons .

would be t h e c o n t r o l with C, = ( j o i n t ) .

Figure 3: Cons t ra in t Frame Coordinates.
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This can be done with pos i t i on feedback t o the master a q t 0 provide the operator w i t h
a b e t t e r " fee l " €or the work being done6". Thus, the above cobt ro l i s used along with a
c o n t r o l

on the master arm. (The master arm control i s handled by the operator i n t e r f a c e . ) Here the
assumption i s made that both arms have the same kinematics.

Another t ype o f b i l a t e r a l control i s t o l e t the torques on each arm produce corresponding
torques on the other 6, i . e .

A th i rd type o f control i s t o have the pos i t i on e r r o r d r i v e the slave arm and t h e fo rce
di f ference d r i v e the master a r m 6 . Th is y i e l d s

where Fd, although not used i n the command t o Servo, represents the master arm torques.

L 2 a u u a N

The NASREM Archi tecture appears t o provide an exce l len t framework fo r manipulator
control . The in te r f aces between t h e subsystems can support a wide va r ie t y o f control
algorithms, as demonstrated with t h e Servo Level. In fac t , t h e c o n t r o l l e r supports most o f
t h e low - level con t ro l techniques f r o m t h e l i t e r a t u r e . One o f the pr inc ip le b e n e f i t s o f t he
arch i tec ture i s t h a t it provides a n i ce environment i n which t o implement and compare
a l g o r i t h m s .
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